Dynamic thermal rating (DTR) of transmission lines is related to wind speed, wind direction, ambient temperature, and so on. Among the environmental parameters, there is a difference between the obtained environmental parameters and the true value. Therefore, only the deterministic values of environmental parameters and DTR are not accurate enough. Considering the environmental parameters obtained with uncertainty, the uncertainty of environment parameters based on Monte Carlo Method (MCM) is studied in this paper. According to the heat balance equation of transmission lines, the uncertainty analysis of transmission line ampacity is realized based on CIGRE standard. The best estimation value, standard uncertainty, and confidence interval are obtained under a given confidence level of environmental parameters. The experimental results show that DTR can fully improve the transmission capacity of transmission lines, and MCM is an effective method to assess uncertainty of DTR.
Introduction
Dynamic thermal rating (DTR) of transmission lines based on actual environmental parameters can greatly improve line capacity [1] . Without reconstructing the existing transmission lines, DTR can ease the contradiction between electricity consumption and power supply and improve line utilization with great economic benefits. DTR can be determined by line ampacity calculation model based on CIGRE standard [2] [3] [4] . The ambient environmental parameters of transmission lines are significant factors that affect the DTR, but the difference between the measured value and the true value cannot be ignored, and the uncertainty of DTR needs to be evaluated [5] [6] [7] [8] .
Guide to the expression of uncertainty in measurement (GUM) gives the basic method of assessing uncertainty [9, 10] . However, the method is limited by certain conditions: (1) the probability distribution of the input quantity is assumed to be symmetrical, approximately normal distribution or T distribution; (2) the probability distribution of the output is approximately normal or T distribution; (3) the measurement model is linear model or nonlinear model that can be reduced to linear model [7] . In 2008, the Joint Committee on Measurement Guidelines introduced a supplemental document. The Monte Carlo method (MCM) was used to assess measurement uncertainty [11] [12] [13] . According to the supplementary document, measurement uncertainty with the MCM is newly issued in China, which provides a method for assessing the uncertainty of measurement, thus broadening the application scope of uncertainty assessment.
In [14] , the MATLAB method for evaluating random numbers in MCM was studied. The simulation of the relevant random variables was realized. It was concluded that MCM could overcome the shortcomings of GUM method in which it was difficult to evaluate the uncertainty of complex model. In [15, 16] , the MCM evaluation uncertainty process was given, and the evaluation results of the GUM method were verified by MCM. The reliability of MCM uncertainty evaluation was proved. MCM can be applied to the situation where the GUM method is not applicable. To sum up, MCM is an effective method for uncertainty assessment. In this paper, MCM is used to evaluate the uncertainty of DTR of transmission lines.
This paper is organized as follows: Section 2 presents an extensive review of the uncertainty analysis of dynamic thermal rating. DTR of transmission lines based on CIGRE standard is introduced in detail in Section 3. In Section 4, we review the MCM and study the uncertainty of environmental parameters. In Section 5, after obtaining the uncertainty of the environmental parameters, we assess the uncertainty of DTR to ensure the reliability of the results. We conclude in Section 6.
Methods
The dynamic thermal rating is determined according to the real meteorological conditions of overhead lines according to wind speed, wind direction, and ambient temperature. The randomness of meteorological parameters and the existence of measurement errors all lead to uncertainty in the results of dynamic thermal rating. Therefore, it is not enough to give only a definite value of the current carrying capacity. It is necessary to give the uncertainty of the carrying capacity, and the result is more reliable. The dynamic thermal rating method based on CIGRE standard is studied. The Monte Carlo method is proposed to analyze and calculate the carrying capacity of the overhead transmission line.
DTR method based on CIGRE standard
This section briefly describes the CIGRE method of calculating DTR of overhead transmission lines. The steady state thermal balance equation of CIGRE standard is:
where the convection heat is Q c , radiation heat is Q r , sunshine heat absorption is Q s , and the Joule heat is I 2 R ac generated by its own current, and T c is the line conductor temperature. According to direct current (DC) resistance at 20°C, to find the alternate current (AC) resistance at T c is R ac (T c ) = k j R dc [1 + α(T c − 20)], k j usually takes as 1.0123, R dc is the DC resistance of the line, and α is the resistance temperature coefficient. The convection heat dissipation is shown in Eq. (2) .
where k cf = 2.42 × 10 −2 + 3.6 × 10 −5 × (T c + T a ) is the ambient air thermal conductivity, T a is the ambient temperature, and K angle is coefficient of wind direction. Convection heat dissipation is also divided into two cases of high wind speed and low wind speed, where the Nusselt number is N u and N u = B 1 (R e )
n . R e is the Reynolds number as shown in Eq. (3) .
where D is the line diameter, ρ 0 is air density at the sea level, V w is wind speed, H e is the line altitude, B 1 and n is decided by R e and the line surface roughness Table 1 . D is 27.63 mm and d is 3.07 mm for the transmission line of LGJ-400/50. The CIGRE standard also takes into account the effects of wind direction on Q c , the correction factor is
m1 . When the angle between the wind and the line is 0°≤ ϕ ≤ 24°, then A 1 = 0.42, B 2 = 0.68, m 1 = 1.08. When the angle is 24°≤ ϕ ≤ 90°, then A 1 = 0.42, B 2 = 0.58, and m 1 = 0.9. When there is no wind, the number of Nusselt is determined by the value of G r and the value of P r , N u ¼ A 2 ðG r Â P r Þ m 2 . P r and G r are shown in Eqs. (4) and (5) .
where g = 9.8 m/s 2 and A 2 , m 2 are determined by G r × P r , which are shown in Table 2 .
The radiation heat dissipation is shown in Eq. (6).
where ε represents the radiation coefficient of transmission line, ranging from 0.23 to 0.91; ε is 0.23 for the new transmission lines; and ε is 0.91 for the long life lines. Radiation heat is decided by the line diameter, conductor temperature, ambient temperature, and radiation cooling coefficient. The greater the radiation heat is, the more help to improve the transmission capacity of the line. The heat absorption in the CIGRE standard takes into account the absorption of direct sunlight, the absorption of albedo sunshine and the absorption of solar heat dissipation, as shown in Eq. (7). 
Monte Carlo method
The MCM is known as a random simulation method or a statistical testing method. It is based on the stochastic sampling. By means of random sampling, the random number in the corresponding distribution of the random variables is repeatedly selected. The stochastic number satisfying the particular distribution is obtained as the input data. The discrete value of the output is calculated by solving model. Then, the best estimated value, the standard uncertainty, and the corresponding inclusion interval under a given confidence level are acquired from the statistical results of the output value. MCM is an effective solution for some complex models which are difficult to calculate for an analytic solution.
Process of MCM to solve the uncertainty problems
Solving uncertainty problems with MCM usually involves three steps: The first step is model building. By analyzing the problem, the mathematical model between the output and the input is determined, and the number of experiments to be carried out by MCM is given. The second step is probability distribution and transfer. By the probability density function of the input quantity, the random number is obtained from the inverse transformation method. The output quantity is obtained by substituting the random number as the input quantity into the mathematical model. Repeat this step and stop when the experiment number is reached.
The third step is statistical calculation. The best estimate value, the standard uncertainty, and the corresponding inclusion interval at the given confidence level are presented from statistical analysis of all the discrete outputs obtained by the model.
Suppose that the confidence interval corresponding to the output confidence level of 100p% is finally required. The number of MCM repeated calculations is M times, and M satisfies Eq. (9).
The distribution characteristics of the input quantity are transmitted through the corresponding transfer model, and the distribution characteristic of the output quantity can be obtained. It is assumed that the three inputs are independent. Figure 1a represents the value (X 1 , X 2 , X 3 ) of the corresponding input in time dt. Figure 1b is the probability density function (PDF) corresponding to the three input quantities. Figure 1c is the cumulative density function (CDF) calculated from the PDF integral. The random input variables are obtained by M times inverse calculation. Figure 1d shows that the input variables obtained by the inverse calculation are substituted into the mathematical model to calculate Fig. 4 The geographical location of the studied line: a geographic wiring diagram and b meteorological data network output variables. Figure 1e shows discrete output variables, and Fig. 1f is the corresponding PDF according to the discrete output variables. The optimal estimate value, the standard uncertainty and the inclusion interval under the given confidence level are obtained.
From Fig. 1 , we can see that X 1 obeys the lognormal distribution, X 2 obeys the normal (Gaussian) distribution, and X 3 obeys the uniform distribution. The distribution function is sampled for M times, and the sampled data as input variables is taken into the mathematical model to obtain discrete output variables, then the mean of output variables, the standard deviation, and the confidence level can be got.
MCM for analyzing environmental parameters and DTR uncertainty
The flow chart for solving the uncertainty of environmental parameters and DTR is shown in Figs. 2 and 3 , respectively.
The location and attribute values of the points with known environment parameter are put into the geographic statistical analysis model in ArcGIS software. The estimating environmental parameter value of a point is obtained by Kriging interpolation. Experiments are repeated by MCM. After reaching the number of experiments, we count the discrete output of each experiment to get the best estimate, the standard uncertainty, and the corresponding interval endpoint with the confidence level of 100p%.
In Fig. 3 , the input data include wind speed, wind direction, and ambient temperature. The above input parameters are brought into the CIGRE standard heat balance equation, and the dynamic thermal rating of overhead lines can be obtained. As can be seen from Figs. 2 and 3, obtaining input data based on the inverse transform method is an important step in the MCM. If the distribution function F(x) of random variable X is continuous and r = F(x) is set, then r is a uniform random variable on the interval (0, 1). Therefore, the sampled value x = F −1 (r) of the random variable X obeys the corresponding distribution function. F(x) can be obtained by extracting the random number of evenly distributed over the interval (0,1). If the random number which obeys normal distribution X~N(μ, σ 2 ) is X i , and r i is the random number representing standard normal distribution, the equation is shown in Eq. (10).
Thus, Eq. (11) can be obtained.
5 Case study
MCM for analyzing the uncertainty of environmental parameters
The ambient temperature changes slowly in space and time. According to the central limit theorem, the error between the true value and the measured value obeys the normal distribution. As shown in Fig. 4 , the MCM is used to analyze the uncertainty of environmental parameters at the location of Luochuan (109.537°E, 35.946°N). In order to combine with the actual line, this paper chooses a 750-kV transmission line from Yuheng, Luochuan to Xinyi according to the geographical wiring diagram of Shaanxi power grid. The transmission line length is 386.7 km. In this paper, we select the latitude range of 109.2°-110.0°E and the latitude range of 34.6°-38.1°N. The range of longitude span is 80 km and the latitude span is 350 km, as we can see in Fig. 4a . The environmental parameter data is from the China meteorological data network. We can get the area of a total of 9 × 36 = 324 measurement points and the corresponding environmental parameters, as shown in Fig. 4b . In the calculation process, the typical variance values of the temperature, wind speed, and wind direction of each known measurement points are 0.3, 0.5, and 1.0 [17] , and the random number corresponding to the normal distribution is acquired by the inverse method. The latitude and longitude and environmental parameters of the 25 known points on the transmission line are given in Table 3 . The corresponding weights for the 25 points to get Luochuan parameters by the ordinary Kriging interpolation method are shown in Table 4 . The uncertainty of environmental parameters at Luochuan is analyzed by the Monte Carlo method. The histograms of the temperature, wind speed, and wind direction distributions obtained by the MCM are shown in Figs. 5, 6, and 7.
The best estimate value, standard uncertainty, and the shortest confidence interval of 95% (sampling number M is 200000) are shown in Table 5 .
As can be seen from Table 5 , the best estimate value of the MCM is in the shortest inclusion interval with a confidence level of 95%. The standard uncertainty of wind speed is the minimum and the wind direction is the maximum. Among them, the standard uncertainty of wind direction is the largest. And the range of included intervals with the corresponding confidence level of 95% is also the largest.
Results and discussions
From Table 5 , we can see that the temperature, wind speed, and wind direction of Luochuan at 8 a.m. on September 17, 2016, are subject to the following distribution. 
Combined with CIGRE standard, we get the distribution diagram of dynamic thermal rating when the line maximum allowed temperature is 70°C, as shown in Fig. 8 . Table 6 gives the best estimates of the dynamic thermal ratings obtained from the MCM as well as the standard uncertainty and the minimum inclusion interval with a confidence level of 95%. According to the CIGRE standard based on the environmental parameters, the best estimation values of the dynamic thermal values obtained by the MCM are 1178.5 A, which is in the minimum inclusion interval with a confidence interval of 95%. When the line maximum temperature is 70°C, static thermal rating of LGJ-400/50 transmission line is 592 A. According to CIGRE standard, the dynamic value of the line can be increased by 83.7-113.3% with the 95% confidence level. It can be seen that the dynamic thermal rating can greatly improve the transmission capacity.
Conclusions
In order to verify the reliability of the DTR of transmission lines, the DTR model based on CIGRE standard is given. The DTR uncertainty is evaluated by MCM method. The application scope and concrete process of the MCM are studied. According to the measurement data of environmental parameters, the estimation uncertainty of ambient temperature, wind speed, and wind direction at 8 a.m. on September 17, 2016, in Luochuan is given. Through Monte Carlo analysis and simulation, the optimal estimation of DTR, the standard uncertainty, and the inclusion interval under the given confidence level are gained. The uncertainty of DTR can be effectively analyzed by MCM method, and the calculation of the line transfer capability is more accurate. Comparing with the static thermal rating obtained by conservative environmental parameters, we find that the DTR technique can increase the line transmission capacity on the basis of the existing transmission lines and improve the efficiency of transmission lines. Future work should study the benefits of dynamic thermal rating. 
